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ABSTRACT 
Tension leg platform (TLP) is suitable for deep water oil and gas exploration. The 
nonlinear dynamic response analysis of TLP under random sea wave load is 
necessary for determining the maximum deformations and stresses. Accurate and 
reliable responses are needed for optimum design and control of the structure. In this 
project nonlinear dynamic analysis of TLP is carried out in the frequency domain. 
The time history of random wave is generated based on Pierson-Moskowitz spectrum 
and acts on the structure in arbitrary direction. The hydrodynamic forces are 
calculated using the modified Morison's equation according to Airy's linear wave 
theory. The motion spectrum density of displacements is calculated from linear 
responses. The focus of the paper is on the comprehensive interpretation of the 
responses of the structure related to wave excitation and structural characteristics. A 
case study is investigated and numerical results are discussed. 
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A Tension Leg Platform (TLP) is a floating platform which is connected to the 
seabed by vertical tendons or tethers. The tendons are kept under tension by the 
buoyancy of the platform and this pre-tension is designed to keep the tendons under 
tension under all circumstances, even in large waves with high crests and deep 
troughs. The stiff connection of the platform with the seabed reduces the vertical 
motions to a minimum. A configuration of a typical TLP is shown in Figure 1.1. 






Figure 1.1 : Typical TLP Configuration 
Application of Archimedes Principle makes the structure to float in the water. 
Volume of water displaced by the TLP hulls and pontoons are basically contributing 
to the excess of buoyancy over the weight of the structure. Part of the hu11 which is 
submerged under the water is ca1led draft. 
Tendon is made up of strong steel wire rope or cable with certain specified stiffness 
produced by the manufacturers. The main function of mooring system is to keep the 
TLP in-place whilst giving small allowance to move in horizontal direction. 
The first Tension Leg Platform was built for Conoco's Hutton field in the North Sea 
in the early 1980s (Figure 1.2 and 1.3). The hull was built in the dry-dock at 
Highland Fabricator's Nigg yard in the north of Scotland, with the deck section built 
nearby at McDermott's yard at Ardersier. The TLP consists of a rectangular shaped 
floating platform connected to the ocean bottom by attaching 16 vertical tendons, 
four per comer column. The tendons are tensioned by attaching them to the floating 
structure and then deba1Iasting the structure to provide additional buoyancy. The 
Hutton success has encouraged Conoco to proceed with development of several 
concepts for TLP suited to the milder environment and different production needs of 
the Gulf of Mexico. 
Figure 1.2 Hutton TLP 
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Figure 1.3 Location Map of Hutton 
TLP 
TLP in general has a lot of advantages over fixed offshore structures when oil 
exploration activity is moving towards deeper water. The total cost and complexity 
of fabrication, transportation and installation of fixed offshore structures at deeper 
water are the basis why multinational corporations in this field focus on floating 
structures. By statistics, the cost curves for fixed . offshore structures will increase 
exponentially than the TLP. In addition, the reason for preferring TLP is that only the 
cost of mooring system and installation increases as the water depth increases. 
TLP is essentially advantageous for the following reasons: 
• TLP is a compliant structure thus it will respond well to wave loading and 
even to rough sea. 
• The main natural frequencies (surge, sway and yaw) of TLP are well below 
the wave frequencies. As a result, it greatly reduces the possibility of 
occurrence of resonance. Furthermore, it also reduces the horizontal motion 
and loading on the tether's platform system. 
• TLP can be easily dismantled, installed and transported according to site 
requirements. 
• TLP is a much safer when responding to seismic activity compared with any 
other type of fixed platform. 
• Risers, oil wells and tethers can be easily monitored and maintained due to its 
restrained vertical motion. 
1.2 Problem Statement 
Due to urbanization, the production of oil and other petroleum products have been 
rapidly increasing over the years. This has led to the scarcity of easily retrieved oil. 
As a result, oil producers are motivated to go to deeper ocean to extract oil and other 
resources. This interest in deep water drilling led to the in-depth study and analysis 
of deep water structures. 
For this, deep water offshore structure such as TLP has become a main concern. TLP 
application for deepwater hydrocarbon exploration gives a very significant impact to 
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offshore field in term of engmeenng point of v1ew and very economical. 
Furthermore, the economic impact can be further reduced by going through 
previously applied design approaches, to simplifY the design and reduce the 
conservatism that so far has been incorporated in the TLP design. 
According to Natvig and Vogel (1995), focus on design of future TLPs should be on 
the aspects of the platform geometry that affects tether loading and on the tether 
system itself. Their experience with a four-legged TLP has shown that the 
indeterminate tether system implies some very heavy cost items. The new concept of 
a three-legged TLP, which will be statically determinate, will not require 
complicated devices and the foundations can be placed with larger tolerances without 
affecting tether behavior. The main aspect of three-legged TLP is that all tethers 
share approximately the same loads despite weather directions. With the near-equal 
load sharing of the three-legged TLP, the maximum load level in one group is less, 
thus requiring less tether cross-section material than that of a four-legged TLP. 
Studies indicate that 12 tethers are feasible for a three-legged TLP whilst 16 would 
be required for a four-legged equivalent TLP. This is thus an important area for 
savings since tethers are important cost items. 
Research on triangular TLP more or less will give different perception to offshore 
engineers where square TLP's are more preferred nowadays. In addition, results of 
this study can also be used to provide better solutions to problem due to vast changes 
in today's extreme enviromnental condition. 
1.3 Objectives 
• To conduct simple dynamic rigid body analysis in frequency domain for a 
typical triangular TLP subjected to random waves for determining the TLP 
motions. 
• To conduct a parametric study of the above responses upon changing 
parameters like significant wave height, water depth, draft and initial 
tether tension. 
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1.4 Scope of Study 
1.4.1 Project Data & Sea state 
Due to rare application of Triangular TLP around the world, an actual scale model of 
triangular TLP idealized by Chandrasekaran and Jain (2000) from India is selected to 
be analyzed. The Triangular TLP model so called Reference Model in this thesis is 
built up of three vertical hulls and pontoons. Each hull of 16.39 m diameter has a 
length of 41 m of which 31 m of it is submerged below the Mean Sea Level (MSL ). 
More details of the TLP is provided in figure 1.5. 
Detailed frequency domain analysis is conducted by usmg Pierson-Moskowitz 
Spectrum concerning variation of parameters to investigate its effect on the dynamic 
response upon the TLP. The parameters include water depth, wave height, draft and 
initial pre-tension in the tethers. Pierson-Mostkowitz Sprectrum has been widely 
used by engineers to carry out response analysis of TLP because of its reliability in 
representing severe storm in offshore structures design. 
1.4.2 Degree of Freedom 
In reality, the combined environmental forces of wind, wave and current excites 
offshore structures, resulting in motion in six degrees of freedom. The oscillatory 
rigid body translation motions are referred to as surge, sway and heave, with heave 
being a vertical motion. The oscillatory angular motions are referred to as roll, pitch 
and yaw with yaw being rotation about the vertical axis (Faltinsen, 1993). The 
orientation of the platform relative to X, Y and Z axis and its motion in six degrees 
of freedom are shown in figure. 1.4. 
The degree of motion of a structure depends on mooring stiffness, enviromnental 
loads, geometry, level of damping, etc. At this stage, the motion-response analysis 
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will only be focused on surge, heave and pitch degree of freedom as sea wave is 
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Nowadays, there are many TLPs in operation all over the world. Numerous studies 
have been done for effective application of TLPs for deep water oil exploration. 
These studies were carried out to obtain better understanding of the TLP structural 
behavior and dynamic response caused by changing parameters whilst improving the 
existing design. 
2.2 Early Studies 
Morgan and Malaeb (1983) investigated the dynamic response of TLPs using a 
deterministic analysis. The analysis was based on coupled nonlinear stiffness 
coefficients and closed-form inertia and drag-forcing functions using the Morison 
equation. The time histories of motions were presented for regular wave excitations. 
The nonlinear effects considered in the analysis were stiffness nonlinearity arising 
from coupling of various degrees of freedom, large structural displacements and 
hydrodynamic drag force nonlinearity arising from the square of the velocity terms. 
It was reported that stiffness coupling could significantly affect the behaviour of the 
structure and the strongest coupling found to exist between heave and surge or sway. 
Chandrasekaran and Jain (2002a; 2002b) investigated the structural response 
behavior of the triangular TLP under several random sea wave loads and current 
loads in both time and frequency domains. They studied the effect of coupling 
stiffness coefficients in the stiffness matrix and the effect of water depth on the 
structural response of the triangular TLP. 
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Kurian eta!. (1993) tested a 1:50 scale model of a square TLP in the laboratory in 
order to analyze its behavior when subjected to the action of regular and irregular 
waves. The experiment focused on surge, heave and sway degree of freedom for 
different angles of wave incidence. 
Pauling and Horton (1970) came out with a method of predicting the platform 
motions and tether forces due to regular waves using linearized hydrodynamic 
synthesis technique together with several assumptions. The results of the analysis 
were compared until the results of laboratory tests. This study provided reliable 
results. 
Angeli des eta!. (1982) considered the influence of hull geometry, force coefficients, 
water depth, pre-tension and tether stiffness on the dynamic responses of the TLP. 
The floating part of the TLP was modeled as a rigid body with six degrees of 
freedom. The tethers were represented by linear axial springs. Wave forces were 
evaluated using a modified Morison equation on the displaced position of the 
structure considering the effect of the free sea surface variation 
Mekha eta!. (1994) studied the nonlinear effect of the wave forces on the TLP up to 
the wave free surface. Several approximate methods were evaluated for regular and 
irregular wave forces, with and without current, and compared to Stoke's second 
order wave theory. 
Force excitation upon the TLP hulls and pontoons require relevant wave theory to be 
applied. Preliminary stage of this project includes force calculation based on Linear 
Airy's Wave Theory or so called Small-Amplitude Wave Theory to obtain several 
wave parameters and later on Morison's equation for wave-force excitation. 
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2.3 Small-Amplitude Wave Theory 
The earliest mathematical description of periodic progressive wave is that attributed 
to Airy in 1985. Airy wave theory is strictly only applicable to conditions in which 
the wave height is small compared to the wavelength and the water depth. It is 
commonly referred to as linear or first order wave theory, because of the simplifying 
assumptions made in its derivation. 
This theory, developed by Airy (1845) is easy to apply, and gives a reasonable 
approximation of wave characteristics. This theory plays a vital role in this project as 
Morison's equation will be useful at the final stage of the wave force calculation. 
Assumptions made in developing the linear wave theory are : 
o The fluid IS assumed to be homogeneous and incompressible (constant 
density). 
o Surface tension can be neglected 
o Pressure at the free surface is uniform and constant 
o The fluid is ideal or inviscid. 
o The particular wave being considered does not interact with any other water 
motion 
o The bed is horizontal, fixed impermeable boundary, which implies that the 
vertical velocity at the bed is zero. 
o The wave amplitude is small and the waveform is invariant in time and space. 
o Waves are plane or long-crested (two -dimensional) 
The basis for small amplitude wave theory is the sinusoidal wave and has already 
been classified based on relative water depth which are : 
1. Deep water - d!L > 0.5 
n. Transitional water - 0.04< d!L <0.5 
111. Shallow water - d!L < 0.04 
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These classification applies the same formula (general formula) to compute several 
wave parameters such as wavelength L, group velocity k, horizontal and vertical 
water particle velocity u and u, and horizontal and vertical water particle acceleration 
u' and u' respectively. For deep water region, the wave length is simply determined 
by: 
gTZ 
L =L=-0 2n 
The water particle velocity in the x andy direction are given by :-
Horizontal _ Hn:H coshks 0 U- IT 'h COSo T sm kd 
Vertical H nH sinhks . 0 V =IT Slll'CI 
T sinhkd 
Then, the water particle accelerations in the x andy direction are given by :-
Horizontal iJu 2n
2 Hcoshks . 0 
- = Slll'CI iJt T2 sinhkd 
Vertical iJv 2n
2 H sinh ks "' 
- = COS'CI iJt T2 sinhkd 
where 8 = kx-u!t, phase angle 
d, water depth 
s, vertical distance from seabed 
L, wavelength 
H, wave height 
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T, wave period 
w = 211'/T, wave frequency 
k = 21!'/L wave number 






These water particle velocity and acceleration will be further applied in Morisson's 
equation to compute wave loading upon the TLP. 
2.4 Morison's Equation 
The hulls and pontoons of TLP can usually be regarded as hydrodynamically 
transparent. The wave forces on the submerged members can therefore be calculated 
by Morison's equation, which expresses the wave force as the sum of an inertia force 
(proportional to the particle acceleration) and a non-linear drag force (proportional to 







F=Cm p;r D2 /4u' +Cd pD/2Iulu (2.6) 
- Inertia and drag coefficient respectively 
- Seawater density 
- Diameter of cylindrical 
- Water particle velocity 
- Water particle acceleration 
In fact, the water particle velocity and accelerations are in its vector form (x, y and 
z). By using Morrison's Equation, there are several limitations and assumptions to be 
made: 
• Analyzed section does not influenced by the adjacent sections flow. 
• The cylinder is not piercing the free surface. 
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2.5 Pierson-Moskowitz Spectrum 
Irregularity in sea waves make it very difficult to be generated and used in analysis. 
However, there is a solution to take into account the irregularity of the waves, by 
determining the total energy. In order to do this, the energy of all the small, regular 
and large waves superposed in the sea waves must be added together. Therefore, any 
given waves can be described by the energy distribution vs the different frequencies 
(or wave lengths or wave periods) for various wave components. This frequency 
distribution is called the energy spectrum for the particular sea. 
The spectral density of the sea surface elevation is completely characterized by 
significant wave height, H, and average time period, T,. Although the wave pattern 
will never be repeated, the statistical characteristics of the sea-state, the energy 
spectrum or wave spectrum, will remain the same. As a result Pierson-Moskowitz 
Spectrum, one of wave spectra was introduced. 
The Pierson-Moskowitz Spectrum was developed from analysis of measured data 
obtained in the North Atlantic by Tucker wave recorders installed on weather ships. 
The analysis only considers selected wave records that represent fully developed seas 
(for wind speed between 20 and 40 knots). The wind speed is recorded at an 
elevation of 19.5 m. 
Nowadays, the P-M model has been found to be very useful and most reliable in 
representing a severe storm wave in offshore structure design. This spectrum model 






s(f) = (2n)4 rsexp -1.25 fo (2.7) 
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From P-M model, the height of wave at a particular frequency can be calculated. For 
example, at a frequency fh the energy density is S(fJ). The wave height at this 
frequency is obtained as follow : 
(2.8) 
and the corresponding wave period is given by : 
(2.9) 
Where (H,T) is the wave height-period pair. A phase angle associated with each pair 
of height and period is chosen uniformly distributed in the range of (0, 27r) by a 
random number generator, RN as : 
(2.10) 
Then, for a given horizontal coordinate, x, which is the location at which the wave 
profile is desired, and time, t, is incremented to get the wave profile. The wave 
profile is computed from : 
N 
~H(n) 17(x,t) = L - 2- cos [k(n)x- 2rr:f(n)t + s(n)] (2.11) 
n=l 
Where k(n) = 27r/L(n) and L(n) corresponds to the wave length for the n'h frequency, 
f(n). The quantity, N, is the total number of frequency bands of width, M, dividing 
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the total energy density. An example of wave spectra for different wind speeds is 
provided in figure 2.1. 
100 
0 0.05 o,ro 0.15 0.20 O.Z5 o. 
(lfzJ 
Figure 2.1 :Wave spectra of a fully developed sea for different wind speeds 
according to Moskowitz (1964). 
2.6 Response Amplitude Operator 
The amplitude of the response of TLP is generally normalized with respect to the 
amplitude of the wave. For a given linear system, the normalized response is constant 
with the wave amplitude at a wave frequency. But if a normalized response function 
is developed for a range of frequency of interest for a given offshore structures, then 
this function is called Response-Amplitude Operator (RAO) because it allows the 
transfer of the exiting waves into responses of the structure. 
In general, RAO can be obtained theoretically or by measurement. Theoretical RAO 
is represented by the term in bracket in the displacement function as discussed in 
following section. For simplification, response is briefly described as follow: 
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Response (t) = (RAO) !)(t) (2.12) 
where !)(t) is the wave profile as a function of time, t. 
2.7 Motion-Response Spectrnm 
When a structure is dynamically loaded by waves, it will result in motions. The 
motions may be critical near the resonant frequency of the structure. The effect of 
resonance is undesirable as it can cause the collapse of the structure. Thus, it is 
important to study the overall response of the structure according to design-wave 
spectrum. In this case, the response-amplitude operators (RAOs) are implemented 
relating the dynamic motion of the structure to the wave-forcing function. Then the 
dynamic-motion spectrum is obtained from the wave spectrum and eventually the 
motion profile can be easily generated. 
The displacement function x(t) or motion of the structure in a particular direction, 
e.g., surge, sway, heave can be written as : 
(2.13) 
where (3 is the phase difference between x(t) and 1/(t). This relationship can be 
transformed to obtain the motion spectrum in terms of the wave spectrum and RAO 




F 1- Total wave forces 
H- Wave height 
K - Stiffuess of the TLP (Ksurge, Kheave and Kpitch) 
m- Total mass of the TLP (msurge, mheaveand mpitch) 





mhesve = llln.t> + 3Vp + 
12 
H cos 30) p 
illpitch = 
2 
ffiheave X Tz 
While stiffuess of the TLP, Kin surge, heave and pitch are given as 
Ksurge 3 To I Lr 
Kpitch 2 Wpitch X illpitch 
(No. of tethers x Ktether) + (3pgVH) 
Where, 
mTLP - Mass ofTLP Lr Length of tether 
To Initial Tether Tension Vp Volume of pontoon 
g Gravitational acceleration VH Volume of hull 
Dp Diameter of pontoon Ktether Stiffness of tether 











The objective of this project is to study the responses of triangular TLP subjected to 
random waves. A frequency domain analysis was used to obtain the responses. The 
following methodology was adopted. Important parameters which include structural 
dimension and sea state were identified. This was followed by the wave force 
calculation, and the wave and motion spectrum development. For parametric study, 
several cases of analysis for significant wave height, water depth, initial tether 
tension and draft are established. 
3.2 Identification of Important Parameters 
The sea state applied in this project is obtained from prevwus research by 
Chandrasekaran & Jain (2000). Significant wave height and water depth are then 
divided to several cases to study its effect on the TLP response. 
Wave parameters 
Significant Wave height, H, 
Wave period, T 
Water depth, d 
Water density, p 
Drag coefficient, Cd 









TLP dimension has been described in detail in the earlier section of this report. The 
remaining are provided as follow : 
Weight 330000 kN Damping ratio, I 0.01 
Stiffness of Tether, Ktether: 34000 kN/m Design Life 20 years 
Initial Tether Tension, To : 135500 kN Diameter, DH 16.39 m 
Tether Length, LT 269 m Length, LH 31 m 
CoG Above Keel 27.47 m Diameter, Dp 12.58 m 
rx 35.1 m Length, Lp 70.97 m 
rz 35.1 m 
3.3 Wave Force Calculation 
After the respective parameters are identified, computation of wave forces was 
started with Airy's wave theory followed by Morison's equation. The steps are 
provided in figure 3 .1. 
Detailed dimension of TLP described in figure 4 includes the structure COG, height 
and dimension of draft, pontoons and hulls diameter, and TLP total mass. The COG 
of the structure was chosen to be at the origin of the global coordinate system. 
Airy's wave theory implementation was started by firstly identifying the water 
condition. This step is to ensure that the TLP to be analyzed is operating in deep 
water condition. After that, water particle velocity and acceleration was computed 
based on sea state available. However the water particle velocity and acceleration has 
to be decomposed into components of three orthogonal directions. Then, the force 
vector in this case could be obtained by applying drag and inertia coefficient together 
with components of velocity and acceleration into the Morison's equation. 
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Morison's equation was evaluated by using tbe Microsoft Excel. Moment was 
calculated with respect to COG of tbe structure. As the structure is analyzed in Single 
Degree of Freedom, only moment about y-axis was calculated. The spreadsheet 
developed towards tbe computation of the wave forces and moment is given in 
Appendix. 
Establish global coordinate 
system (x,y,z), COG is the 
origin at MSL. 
Identify the water condition 
and find the wavelength 
----------.. - ... 
1,. Airy's Wave Theory ; 
..... __ _,_, 
------- • ' 
Compute the water particle 
velocity and accelerations in 
vector form 
t Compute water particle: • Velocity 
• Accelerations 
1 ..... -----------.... ' \. Morison's Equation ,; ........... __________ ,pP 
Find the resultant velocity 
normal to the cylinder (hulls 
and pontoons) 
Use Morison's equation to 
compute force per unit 
length in x, y and z direction 
Compute tbe total force 
acting on the TLP hulls and 
pontoons. 
Figure 3.1 Steps for wave force calculation 
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3.4 Wave and Motion Spectrnm Development 
Next, P-M Spectrum was developed based on a specified significant wave height, Hs. 
Frequency, f, ranging from 0.02 Hz to 0.22 Hz with equal increment was considered 
in the development of this curve. After that, a period of random wave profile, 1), at a 
incremented time, t can be generated. 
Development of P-M 
Spectrum from Hs 
Fx, Fy & Fz and 
moments about CoG 
from Morisson's 
equation 
Surge, Heave and 
PitchRAO 
Surge, Heave and Pitch 
Motion Spectrum 
ffisURGE, ffiHEAVE & 
mpucH 
KsuRGE, KsuRGE & 
KHEAVE 
• 
Wn and C, for 
surge, heave & 
pitch 
Figure 3.2 Steps of computing motion RAO 
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At later stage, the energy density spectrum was used to develop the motion spectrum 
in surge, heave and pitch motion of the triangular TLP. Motion profile was also 
generated in a way similar to the random wave profile was generated. Numerical 
calculation was made by using Microsoft Excel program. 
The response of the TLP at a range of frequency could be calculated by substituting 
force components obtained from the Morison's equation together with the structure 
mass and stiffness for respective analyzed motion (surge, sway and heave) into 
response formula. 
3.5 Parametric Study 
The parametric studies were conducted to compare the response of the proposed 
triangular TLP under different wave height, water depth, draft and initial tether 
tension. The Reference Model was used as a base for various ranges of cases as 
shown in Table 3.1, 3.2, 3.3 and 3.4. 
Table 3.1 : Study oftriangnlar TLP subjected to different significant wave height 
Case Significant Wave Period Wave height, H, T 
Case lA 6 12 
Case IB 8 12 
Case IC 10 12 
Case ID 12 12 
Table 3.2 : Study of triangular TLP at different water depth, H, = 8m, T= 12 sec 
Case Water Depth 
m 
Case 2A 300 
Case 2B 600 
Case 2C 900 
Case 2D 1200 
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Table 3.3 : Study of triangular TLP with different drafts, H, = 8m, T= 12 sec 
Case Draft 
m 
Case 3A 25 
Case 3B 31 
Case 3C 35 
Case 3D 40 
Table 3.4 : Study of triangular TLP with different initial tether tension, H, = 8m, T= 
12 sec 
Case Weight Initial Tether Tension kN kN 
Case4A 300 000 165 000 
Case 4B 330 000 135 500 
Case 4C 360 000 105 500 
Case4D 390 000 75 500 
3.6 Hazards Evaluation 
Students are vulnerable to a number of health hazards when doing computer analysis 
repetitively. The principal hazard relates to the arms. The problems which can 
develop are referred to as WRULDs (work related upper limb disorders) or RSI 
(repetitive strain injuries). Applying ergonomic principles to the design, selection 
and installation of computer equipment and the design of the workplace can readily 
control the risks. 
Computer-related injuries and illnesses can be avoided with some simple 
ergonomically wise applications: 
• Workstation is arranged to ensure comfortable workspace and do not cause 
unnecessary strain on the back, arms or neck. 
• Monitor display is equipped with monitor visor to filter excessive amount of 
light intensity that can cause eye strain. 
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• Ergonomic keyboard and mouse is installed to reduce palms and arms strain. 
• Computer is placed on a standard-height desk that is specifically designed for its 
use. 
• Workstation IS equipped with comfortable chair with good back and arm 
support. 
• Keyboard is positioned directly in front of stud~nt at approximate elbow height. 
• Breaks are taken at a specific time period to perform some stretch such as get up 
and moving around. 





RESULTS AND DISCUSSIONS 
The numerical results obtained from calculation by using Excel spreadsheet are 
divided in the following sections. The first part of this chapter will generally discuss 
about the generated random waves from the energy spectrum and the wave forces 
exerted on the TLP. Then, the next section will discuss about the parametric study 
that has been considered in this project 
4.2 Random Waves, Wave Forces and TLP Response 
Numerical results from Airy's Wave Theory and Morison's Equation which correlate 
water particle velocity and acceleration produce total wave force exerted on 
triangular TLP. A sample of wave force distribution along a triangular TLP draft is 
shown in figure 4.1. It appears that wave forces exerted along the TLP draft is 
decreasing exponentially as it moving deeper towards the keel. 
P-M model developed from significant wave height, H, = Sm produce a bell shape 
curve as presented in figure 4.2. The starting frequency is 0.02 Hz. The energy 
density increases rapidly as wave frequency increases until it reaches the peak at 
approximately 0.08 Hz. The energy density declines beyond this frequency of wave. 
High energy density indicates wave of that particular frequency dominated the 
































Figure 4.1 : Water depth versus wave forces (Hull 1 & 2) 
Pierson-Moskowi~z Spectrum 
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-------------·--------·--------------------' 
Figure 4.2 : Pierson-Moskowitz Spectrum 
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Generally, random waves govern the wave profiles in open sea. Random waves 
consist of a number of sinusoidal waves of different wave lengths and heights that 
are superimposed on each other. The indefinite pattern of random waves in reality 
could come from any direction and also never repeated from one time to another. An 
example of random waves generated from P-M spectrum of 8 m significant wave 







Figure 4.3 :Wave Surface Profile 
Similarly, motion spectrum obtained was used to generate surge and heave profile. 
Both profile show random pattern of line as a response of random waves excite the 
TLP. Surge and heave profile produced in figure 4.4 and figure 4.5 respectively were 
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Figure 4.5 : Heave Profile 
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4.3 Parametric Study 
4.3.1 Effect of Significant Wave height 
Waves approaching the triangular TLP have significant impact on the structure 
response. Usually greater wave height results in greater response of the structure but 
it also depends on the tether stiffness, total mass and damping coefficient of the 
triangular TLP. 
Figure 4.6 shows the surge RAO at different significant wave height, H,. It is found 
that different significant wave heights give minute effect on TLP surge RAO. The 
surge RAO at 0.02 Hz is very large (3.5) compared to other wave frequency due to 
very small wave height formed by the other range of frequency. However, surge 
motion spectrum as shown in figure 4.7 is highest at 0.06 Hz given by H, =12m. 
Figure 4.8 shows that the variation of heave RAO at different significant wave 
heights, H, are similar to each other (superimposed lines). Maximum RAOs are 
mostly located at 0.20 Hz. The highest heave RAO is around 0.20 for all H, 's. Heave 
motion spectrum gives it highest value of 4 at 0.20 Hz for all Hs's. 
Table 4.1 shows the maximum pitch response of triangular TLP resulted from 
different maximum wave height, Hmax· The pitch response of the TLP increases as 
the Hmax resulted from the respective significant wave height increases. 
Table 4.1 : Maximum pitch response subjected to different Hmax 
H, Hmax, T Pitch 
(m) (m) (sec) (degree) 
6 18.1 12 -0.07 
8 24.4 12 -0.10 
10 30.4 12 -0.12 
12 35.8 12 -0.15 
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Figure 4.7: Surge Motion Spectrum for various significant wave heights, H, 
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Figure 4.8 : Heave Motion RAO for various significant wave heights, H, 
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Figure 4.9 : Heave Motion Spectrum for various significant wave heights, H, 
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4.3.2 Effect of Water Depth 
It is also important to study the effective of changing water depth on forces acting on 
triangular TLP when it is subjected to random waves. As far as deep water oil and 
gas exploration is concerned, TLP application has become very popular due to its 
compliant nature when operating at great water depth. In this part, the triangular TLP 
was analyzed to be operated at 300 m, 600 m, 900 m and 1200 m water depth. Thus, 
this study has resulted in longer tether length as other parameters are kept constant. 
From Figure 4.10 and 4.11, the surge RAO and surge motion spectrum are highest at 
300 m water depth. High value of RAO at 0.02 Hz means that resonance is expected 
to occur, where the frequency of the TLP is close to the frequency of wave. In real 
case of offshore structure design, 0.02 Hz wave frequency will be omitted from being 
analyzed hence resonance could be avoided. Figure 4.11 shows surge motion 
spectrum at different water depth. Highest energy density for each water depth is 
produced at 0.06 Hz. 
Figure 4.12 and 4.13 represents heave RAO and heave motion spectrum respectively. 
Both figures show similar pattern of lines and values respectively (superimposed 
lines). Greatest value of heave RAO is given by 1.6, while the respective energy 
density is 4m2/sec at 0.2 Hz. 
Table 4.2 shows the maximum pitch response of triangular TLP under different water 
depth at H, = 8 m. All in all, water depth variation does not largely influence the 




































Figure 4.10 : Surge Motion RAO for different water depth 
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Figure 4.11 : Surge Motion Spectrum for different water depth 
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Figure 4.12 : Heave Motion RAO for different water depth 
(300m, 600 m, 900 m and 1200 m) 
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Figure 4.13 : Heave Motion Spectrum for different water depth 
(300m, 600 m, 900 m and 1200 m) 
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Table 4.2 : Maximum pitch response at different water depth 
Water depth Hmax, T Pitch 
(m) (m) (sec) (degree) 
300 24.4 12 -0.10 
600 24.4 12 -0.10 
900 24.4 12 -0.10 
1200 24.4 12 -0.10 
4.3.3 Effect of Draft 
Changing draft is one of the studies concerned in the TLP dynamic analysis. Due to 
variable draft, the buoyancy force as well as mass in the respective motion changes. 
Water particle velocity and acceleration near SWL also vary appreciably. Figure 4.14 
and 4.16 show the RAO (surge and heave) ofTLP under different draft of the TLP. 
Surge motion RAO is greatest when the TLP draft is 25 m, as shown in figure 4.14. 
The respective RAO value is 4.5 at 0.02 Hz wave frequency. 31, 35 and 40 m draft 
also have highest surge RAO at this frequency. The lines of RAO of different drafts 
become similar to each other beyond 0.04 Hz. 
Surge motion spectrum shows bell-shape lines for all drafts. All drafts have highest 
energy density at 0.06 Hz. The highest energy density is resulted from 25 m draft, 
15m2/sec. The heave motion under variable draft is highest at 0.2 Hz for all draft. 
The respected energy density is 4 m2/sec. Heave response does not significantly 
affected by changing TLP draft. 
Table 4.3 shows the maximum pitch response of triangular TLP by varying triangular 
TLP draft. The pitch response was analyzed for H~ax resulted from H, = 8 m. Pitch 
response increases from 25 m to 35 m of draft. The response declines when the draft 


































Figure 4.14 : Surge Motion RA 0 by varying triangular TLP draft 
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Figure 4.15 : Surge Motion Spectrum by varying triangular TLP draft 
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Figure 4.16: Heave Motion RAO by varying triangular TLP draft 
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Figure 4.17 : Heave Motion Spectrum by varying triangular TLP draft 
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Table 4.3 : Maximum pitch response for different draft 
Draft Hmax, T Pitch 
(m) (m) (sec) (degree) 
25 24.4 12 -0.08 
31 24.4 12 -0.10 
35 24.4 12 -0.11 
40 24.4 12 -0.09 
4.3.4 Effect of Initial Tether Tension 
Parametric study provides better understanding of the behavior of triangular TLP in 
open sea. Initial tether tension of in-place triangular TLP is one of them. In order to 
carry out this parametric study, sea state, stiffness, added mass and buoyancy of the 
structure were kept constant while only the total mass was changed. Initial tether 
tension being considered in this study are 165 500 kN, 135 500 kN, 105 500 kN, and 
75 500 kN. 
From figure 4.18, surge RAO is maximum when the initial tether tension of the 
triangular TLP is set at 105 500 kN. The respective frequency of wave is 0.02 Hz. 
Very high value of RAO at this frequency indicates that resonance is expected to 
occur in surge motion. Surge motion spectrum which represent energy density at 
different wave frequency shows its highest energy when the initial tether tension was 
set to be 165 000 kN. The respective wave frequency is 0.06 Hz. 
Heave RAO is highest when the initial tether tension was set at 105 500 kN. The 
respective wave frequency is at 0.2 Hz. This wave frequency also contributed to 
highest energy density for heave motion spectrum for all set of initial tether tension. 
However, greatest energy density, 25 m2/sec is resulted from 105 000 kN initial 
tether tension. 
38 
~---------- ----------------- -·------------·---···-----~ 





I E 3.0 
I-. 2.5 






0.00 0.04 0.08 0.12 
Hz 
0.16 0.20 
-+-165 500 kN 




Figure 4.18: Surge Motion RAO for different initial tether tension 
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Figure 4.19 : Surge Motion Spectrum for different initial tether tension 
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Table 4.4 below shows the maximum pitch response of triangular TLP at different 
set of initial tether tension. The pitch response was analyzed for Hmax resulted from 
Hs = 8 m. The TLP gives small pitch response for various initial tether tensions. 
Table 4.4 : Maximum pitch response for various initial tether tension 
Initial tether tension Hmax, T Pitch 
(kN) (m) (sec) (degree) 
300 000 24.4 12 -0.10 
330 000 24.4 12 -0.10 
360 000 24.4 12 -0.09 




Discussion on overall dynamic response of the tria!lgular TLP has been made based 
on results obtained. The following conclusions were drawn from the frequency 
domain analysis : 
• A dynamic analysis for random waves is carried out in tbe frequency domain 
by employing a simulation of sea state by P-M spectrum. The wave forces on 
tbe TLP hulls decreases as the water depth increases. Furthermore, when the 
wave parameter such as wave height, H or wave period T, and time, t changes, 
the wave forces will also change. From the result obtained it can be concluded 
that tbe wave forces acting upon the TLP hulls decreases exponentially as the 
water depth increases towards the TLP keel due to higher water particle 
velocity and acceleration near the water surface. 
• Pierson-Moskowitz Spectrum representing the energy distribution of a wind 
generated sea state at different wave frequency gives a bell shaped curve. 
Simulation of wave surface profile from this spectrum by substituting the wave 
parameters into equation 2.11 produced produce a random wave profile. 
• In general, tbe responses of the triangular TLP rely on the parameters involved 
in computing structure RAO. Surge and heave response of the structure are 
sensitive to wave heights and the triangular TLP properties as discussed in 
previous Chapter 4. Pitch only shows a small response to wave excitation upon 
the triangular TLP. This frequency domain analysis does not show an accurate 
result compared to time domain analysis. Nevertheless, its simplicity and 
reliable result makes it very applicable for TLP design all around the world. 
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APPENDIX 1 




Wave Period, T 
Wave Height, H 
Water Density, p 
Diameter Cylinder, D""'' 
Pontoon Diameter , DpoNrooN 
Inertia Coefficient, Cm 
Drag Coefficient, c, 
a) Find wavelength, L 
Lo = 32.239 m 
= 32.239 m 
b) Wave Number, k 
k = 0.195 
c) Wave Frequency, w 
w = 1.382 






Pontoon 1 53.920 
Pontoon 2 -0.466 
Pontoon 3 -0.466 
Total Wave Force 1349.812 



















Fy Fz Resultant 
0.000 0.000 813.048 
0.000 0.000 813.048 
0.000 0.000 329.272 
-11.059 0.000 55.042 
-2.308 0.806 2.489 
-2.308 -0.806 2.489 
-15.675 0.000 1349.903 
= -1712.87 kN.m 
Wave Force Calculation Sheet 
Hull1 
Coordinate 
·''1J1iihi ;,:~;~~~:~ ',·\iii''"•• iN~~~i¥ d!.i;~~ ~~~~£:: C<u;::',c :.• ·--.;~:: r;lt~j~] ~ -----:-' :~-- .---o '.')J'i.-.-~ ,.,~;~;::;:: :/~- ·i'fN~;~-:. I'_- - : ·f;; ,,. ·•.·· ..• ···'~ ' .···;c.J,'' ':1 TOtai"i=oi-Ce :-.~~-;t~[~l-:'~;: ~·~ (~11· (ri\JS'j •, tJ•i:'~(l'riiS~) '.:~-~<r;fl!~l.:::_- .· . ~" . · •I< .•..••.. X y z . : \"Y'I : ,, _.- ~ ,. - ' . \:::.-:·k~_ ~--', 
-25.2173 0 43.68 
-25.2173 -0.5 43.68 299.5 1.000 0.049 0.240 0.332 -0.068 0.049 0.000 0.000 0.332 0.000 0.000 0.049 144.326 0.000 0.000 144.326 
-25.2173 -1 43.68 
-25.2173 -1.5 43.68 298.5 1.000 0.041 0.198 0.273 -0.056 0.041 0.000 0.000 0.273 0.000 0.000 0.041 118.766 0.000 0.000 118.766 
-25.2173 -2 43.68 
-25.2173 -2.5 43.68 297.5 1.000 0.033 0.163 0.225 -0.046 0.033 0.000 0.000 0.225 0.000 0.000 0.033 97.733 0.000 0.000 97.733 
-25.2173 -3 43.68 
-25.2173 -3.5 43.68 296.5 1.000 0.027 0.134 0.185 -0.038 0.027 0.000 0.000 0.185 0.000 0.000 0.027 80.425 0.000 0.000 80.425 
-25.2173 -4 43.68 
-25.2173 -4.5 43.68 295.5 1.000 0.023 0.110 0.152 -0.031 0.023 0.000 0.000 0.152 0.000 0.000 0.023 66.183 0.000 0.000 66.183 
-25.2173 -5 43.68 
-25.2173 -5.5 43.68 294.5 1.000 0.019 0.091 0.125 -0.026 0.019 0.000 0.000 0.125 0.000 0.000 0.019 54.462 0.000 0.000 54.462 I 
-25.2173 -6 43.68 
' 
293.5 1.000 0.015 0.075 0.103 -0.021 0.015 0.000 0.000 0.103 0.000 0.000 0.015 44.818 0.000 0.000 -25.2173 -6.5 43.68 44.81s I 
-25.2173 -7 43.68 
-25.2173 -7.5 43.68 292.5 1.000 0.013 0.061 0.085 -0.017 0.013 0.000 0.000 0.085 0.000 0.000 0.013 36.881 0.000 0.000 36.881 
I 
-25.2173 -8 43.68 
-:?5.:<'":73 R n.G:J 
30.350 1 -25.2173 -8.5 43.68 291.5 1.000 0.010 0.051 0.070 -0.014 0.010 0.000 0.000 0.070 0.000 0.000 0.010 30.350 0.000 0.000 
-25.2173 -9 43.68 
-25.2173 -9.5 43.68 290.5 1.000 0.009 0.042 0.057 -0.012 0.009 0.000 0.000 0.057 0.000 0.000 0.009 24.976 0.000 0.000 24.976 1 
-25.2173 -10 43.68 
-25.2173 -10.5 43.68 289.5 1.000 0.007 0.034 0.047 -0.010 0.007 0.000 0.000 0.047 0.000 0.000 0.007 20.553 0.000 0.000 20.553 I 
-25.2173 -11 43.68 
-25.2173 -11.5 43.68 288.5 1.000 0.006 0.028 0.039 -0.008 0.006 0.000 0.000 0.039 0.000 0.000 0.006 16.913 0.000 0.000 16.913 
-25.2173 -12 43.68 
-25.2173 -12.5 43.68 287.5 1.000 0.005 0.023 0.032 -0.007 0.005 0.000 0.000 0.032 0.000 0.000 0.005 13.918 0.000 0.000 13.918 
-25.2173 -13 43.68 
-25.2173 -13.5 43.68 286.5 1.000 0.004 0.019 0.026 -0.005 0.004 0.000 0.000 0.026 0.000 0.000 0.004 11.454 0.000 0.000 11.454 
-25.2173 -14 43.68 
-25.2173 -14.5 43.68 285.5 1.000 0.003 O.D16 0.022 -0.004 0.003 0.000 0.000 0.022 0.000 0.000 0.003 9.425 0.000 0.000 9.425 
-25.2173 -15 43.68 
-25.2173 -15.5 43.68 284.5 1.000 0.003 0.013 0.018 -0.004 0.003 0.000 0.000 O.D1~ 0.000 0.000 0.003 7.756 0.000 0.000 7.756 










I -25.2173/ -19.5 








1-25.21731 -21 1 43.68 
·25.2173 -22 43.68 
~25.2173 ~22.5 
~25.2173 ~23 43.68 
-25.2173 ~23.5 43.68 
~25.2173 ~24 43.68 
-25.~177, -24 43_6R 
~25.2173 -25 43.68 
·25.2173 ~25.5 
-25.2173 ~26 1 43.68 
~25.2173 ~26.5 43.68 
1 -25.2173 
1 -25.21731 -28 1 43.68 
1·25.21731 ~29 43.68 
-?9.5_ _____13.§!L 
·25.2173 -30 43.68 
~5.21131 ·30.5 I 43.68 
283.5 1.000 0.002 0.011 
282.5 1.000 0.002 0.009 
281.5 1.000 0.001 0.007 
280.5 1.000 0.001 0.006 
279.5 1.000 0.001 0.005 
278.5 1.000 0.001 0.004 
277.5 1.000 o.oo1 0.003 
276.5 1.000 0.001 0.003 
275.5 1.000 0.000 0.002 
274.5 1.000 0.000 0.002 
273.5 1.000 0.000 0.002 
272.5 1.000 0.000 0.001 
271.5 1.000 0.000 0.001 
270.5 1.000 0.000 0.001 
269.5 1.000 0.000 0.001 
-t~,':t~i--~~~:t~l~:~-~-~ ~~~;~~~!~~~ ~:._:·.(~;;~}: ··:~l:u~~-;:--_(~~~:JitJ~~i;tJL~t~·-}~_- ·±F~ .--:~ · _ Bi~~~ ~ :j-i \~~0~ 
P""'-'F""'-' 
0.015 -0.003 0.002 0.000 0.000 O.Q15 0.000 0.000 0.002 6.383 0.000 0.000 6.383 
0.012 -0.002 0.002 0.000 0.000 0.012 0.000 0.000 0.002 5.253 0.000 0.000 5.253 
0.010. 1 -0.002 0.001 o.obo 0.000 O.o10 0.000 0.000 0.001 4.322 0.000 0.000 4.322 
0.008 -0.002 0.001 0.000 0.000 0.008 0.000 0.000 0.001 3.557 0.000 0.000 3.557 
0.007 -0.001 0.001 0.000 0.000 0.007 0.000 0.000 0.001 2.927 0.000 0.000 2.927 
0.006 -0.001 0.001 0.000 0.000 0.006 0.000 0.000 0.001 2.409 0.000 0.000 2.409 
0.005 -0.001 0.001 0.000 0.000 0.005 0.000 0.000 0.001 1.982 0.000 0.000 1.982 
0.004 -0.001 0.001 0.000 0.000 0.004 0.000 0.000 0.001 1.631 0.000 0.000 1.631 
0.003 -0.001 0.000 0.000 0.000 0.003 0.000 0.000 0.000 1.342 0.000 0.000 1.342 
0.003 -0.001 0.000 0.000 0.000 0.003 0.000 0.000 0.000 1.105 0.000 0.000 1.105 
0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.909 0.000 0.000 0.909 
0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.748 0.000 0.000 0.748 
0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.616 0.000 0.000 0.616 
0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.507 0.000 0.000 0.507 
0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.417 0.000 0.000 0.417 
TOTAL WAVE FORCE ON HULL 1 
mMENT CALCULATION ABOUT COG 
ULL 1 























2.41 • -17.97 
1.98 - -18.97 
1.63 -19.97 
1.34 -20.97 









Fx (kN) From COG, 
m 
-7.70 -21 .18 
-7.70 ·21 .18 
-7.70 ·21 .18 
-7.70 ·21 .18 
-7.70 -21 .18 
-7.70 ·21 .18 
-7.70 -21 .18 
Total 
Distance 
Fy (kN) From COG, 
m 
·1 .58 25.22 
·1 .58 25.22 
· 1.58 25.22 
·1 .58 25.22 
-1 .58 25.22 
-1 .58 25.22 










































































































MOMENT CALCULATION ABOUT 
HULL3 
Distance 
From COG, Moment, kN.m 
m 
3.03 437.31 





















. ~-16.97·· -37.60 
-19.97 -32.58 
-20.97 -28.15 





-26.97 -11 .24 
Total -1 254.64 
PONTOON 3 
Distance Distance 
From COG, Moment, kN.m Fx(kN) !:. From COG, Moment, kN.m 
m rn 
-21 .18 -18.72 0.88 -21 .18 -18.72 
·21 .18 -34.17 1.61 -21 .18 -34.17 
-21 .18 28.38 -1.34 -21 .18 28.38 
-21.18 26.14 -1.23 -21 .18 26.14 
-21 .18 ·35.78 1.69 ·21 .18 -35.78 
-21 .18 -16.03 0.76 -21 .18 -16.03 
·21 .18 40.31 ·1 .90 ·21 .18 40.31 
Total -9.86 Total -9.86 
Distance Distance 
From COG, Moment, kN.m Fy (kN) From COG, Moment, kN.m 
m m 
13.73 96.41 7.02 13.73 96.41 
4.94 -22.19 -4.49 4.94 ·22.19 
-3.85 22.14 -5.75 -3.85 22.14 
-12.64 -77.33 6.12 -12.64 -77.33 
-21 .42 -86.17 4.02 -21 .42 -86.17 
-30.21 219.25 -7.26 ·30.21 219.25 
-39.00 76.84 ·1 .97 -39.00 76.84 
Total 228.94 Total 228.94 
APPENDIX2 
Pierson-Moskowitz and Motion Spectra 
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[ o2H 1 ]
2 
S(f) 














































Area S(f)M H(f) 
0.000 0.000 . 
0.000 0.063 
1.154 3.039 • 
1.423 3.374 
0.731 . -2 .419 ' 
0.346 1.663. 
0.171 . 1.171 . 




1511 152.416 N/m 
82050156.7 kg 
222702 
Fl L=Lo RAOsuRGE SsuRGE(f) Response (m) 
0.000 3901.683 3.615 0.000 0.000 
90.405 975.421 0.786 0.015 0.025 
7822.602 433.520 0.507 14.848 0.771 
10609.933 243.855 0.327 7.618 0.552 
7833.163 156.067 0.210 1.609 0.254 
7181.404 108.380 0.191 0.633 0.159 
6804.522 79.626 0.188 0.301 0.110 
3705.959 60.964 0.107 0.052 0.046 
845.370 48.169 0.026 0.002 0.008 
2764.879 39.017 0.087 0.012 0.022 
1352.721 ~._245 __ 0.045 0.002 0.009 
-----·- - - -- ---



























S(f) Area S(f)llf H(f) 
= 108392903.6 N/m 
= 64472021 .27 kg 
= 1671922 
F, L=Lo RAOHEAVE SHEAve(f) I Response (m) 









































































Area S(f)M H(f) 
0.000 , .... ,J:t: 0.000 :· 
0.000 :.~r:r. 0.063"i.. 
1.154 i~!03~ 
1.423 • • ~ 0.731 . M 0.346 ~ ; ~ 
0.171 ~ 
0.091 1 
0.051 . • 
0.031 *OM~~ rt 




Fl L=Lo RAOPITCH SPITCH(f) Response (degree) 
0.000 3901 .683 0.000 0.000 0.0000 
-274.462 975.421 0.000 0.000 0.0000 i 
-52483.573 433.520 0.000 0.000 -0.0045 
-138963.019 243.855 0.000 0.000 -0.0122 
-151975.502 156.067 0.000 0.000 -0.0135 
-1 04757.730 108.380 0.000 0.000 -0.0095 
-65688.377 79.626 0.000 0.000 -0.0061 
-21583.632 60.964 0.000 0.000 -0.0021 
2709.388 48.169 0.000 0.000 0.0003 
-1666.718 39.017 0.000 0.000 -0.0002 
-1711 .167 32.245 0.000 0.000 -0.0002 
RANDOM WAVE PROFILE 
N 
( ) ' H(n) ( _ ( _ ( _ 17 x} t = L._, ,.,. cos [k n-)x- 2rrf '-n) t + E n.)] 
n=1 
H1 = 8 m 
a = 0.0081 
w0 = 0.4442 rad/sec 
f0 = 0.0707 Hz 
f S(f) Area S(f)t.f H(n) L(n)=L, k(n) X RN E(n) 
0.06 57.715 3.463 5.263 433.520 0.014 -25.217 0.715 4.493 
0.08 71 .140 1.423 3.374 243.855 0.026 -25.217 0.004 0.022 
0.1 36.568 0.731 2.419 156.067 0.040 -25.217 0.746 4.686 
0 .12 17.275 0.346 1.663 108.380 0.058 -25.217 0.053 0.334 
0.14 8.566 0.171 1.171 79.626 0.079 -25.217 0.226 1.420 
0.16 4.544 0.091 0.853 60.964 0.103 -25.217 0.707 4.442 
0.18 2.567 0.051 0.641 48.169 0.130 -25.217 0.632 3.970 
0.2 1.532 0 .031 0.495 39.017 0.161 -25.217 0.906 5.690 
0.22 0.957 0 .019 0.391 32.245 0 .195 -25.21 7 0.111 0.698 
0.24 0.622 0.012 0.315 27.095 0 .232 -25.217 0.389 2.444 
I 
I)(X,t) at!ime_._t 
T - 2 - 3- - 4 5 6 7 8 9 10 11 
-0.06 -2.280 -1.636 -0.763 0.218 1.168 1.954 2.466 2.631 2.427 1.882 1.073-
0.08 1.622 1.198 0.478 -0.360 -1.110 -1.584 -1.667 -1.338 -0.677 0.151 0.942 
0.10 -1.104 -1.183 -0.811 -0.128 0.603 1.104 1.183 0.811 0.128 -0.603 -1.104 
0.12 -0.626 -0.082 0.506 0.820 0.690 0.185 -0.420 -0.797 -0.742 -0.285 0.327 
0.14 - :c0.41Q - -0.583 _ __Jl.333 0.158 0.535 0.524 0.133 -0.355 -0.585 - '- -0.391__ _0.086 
0.16 1 o.266_ I_ -0.1_39 J _::0.41§. l_ -o.3o5 1 o.o88 1 o.399 1 o.34o _1__ -o.o3§_j _::_0,377 I_ -O,:l70 J _,_o.o19 
-0.293 I -0.243 I o.o86_ I_ 0.316 _j __ o.1~ I __ -OJ.60_j _-0.31~ I __ -o,112 I 0.224 I o.3o3 I o.o34 
v . ..:.u ·-0.247 
--- -0.195 
152 1 o.o5o I -0.1461 -o.o68 ~-- 0.1381 -0.085 I -0.1211 --=o.101 I 0.11<1 I o.116 1 -o.1oo 
Dl(x,t) -2.970 I -2.874 I -1.210 I 1.026 I 2.295 I 2.109 I 1.380 I 1.010 I o.886 I o.683 I o.796 
f ~~~f 
1 12 13 14 15 16 17 18- -19- - 20 I 21 I 2~ 1 
I 0.06 0.113 -0.863 -1.718 -2.331 -2.617 -2.535 -2.098 -1.365 -0~" I n "'" • ••• I 
0.08 1.499 1.686 1.456 0.~65 0.061 -0.759 -1.391 -1.679 :1. 
_().10_(_-1.1B~ I -U.B11 I -U.1«B I U.b03 I 1.104 I 1.183 I 0.811 I 0.128 I -0. -1.104 1 -
JJJ2_I _0.761 1 o.783 1 o.381 1 -0.228 1 -0.714 1 -0.812 1 -0.470 1 o.12E 
.Q,14_I o.5o1 I o.553 I o.2o3 I -0.293 
0.16_1_0.349_ I 0.393 
QJ!l_l_-0.274 I -0.267 
0,20 _l_-o.o59 1 0.210 
0.22 I -0.047 I 0.178 
0.24 -0.128 0.084 



















0.210 1 -0.228 
-0.235 1 -0.426 
o.193 1 o.314 l __ o.o74 
-0.093 I -0.247 1_____,0,059 
-0.192 I -0.071 I 0.166 I 
_:0.15] 0.009 0.158 
-1.443 I -0.731 I o.236 
1 ~~-.t 
f - 24 25 26 27 28 29 30 31 32 33 
I u.uu I ~- ouu I 2.562 2.604 2.280 1.636 0.763 -0.218 -1.168 -1.954 -2.466 -2.631 
I n no I n ""' I 1.260 1.645 1.622 1.198 0.478 -0.360 -1.110 -1.564 -1.667 -1.338 
).128 0.603 1.104 1.183 0.811 0.128 -0.603 -1.104 -1.183 -0.8" 
u.o~ -u.u~~ -0.585 -0.831 -0.626 -0.082 0.506 0.820 0.690 0.185 -0.420 -O.i ,, 
0.14 -0.561 -0.487 -0.060 0.410 0.583 0.333 -0.1~8 -0.535 -0.524 -0.133 0.355 
0.16 -0.222 0.189 0.424 0.266 -0.139 -0.415 -0.305 0.088 0.399 0.340 -0.035 
0.18 -0.251 -0.287 0.006 0.293 0.243 -0.086 -0.316 -0.183 0.160 0.319 0.112 
0.20 0.210 0.189 -0.093 -0.247 -0.059 0.210 0.189 -0.093 -0.247 -0.059 0.210 
_Q.22_ --0.133 -0.116 -0.176 0.050 0.195 0.023 -0.187 -0.093 0.152 0.150 -0.096 
o.24 I 0.011 L -Q..156_ l_-o.o31 I o.152 I o.o5o I -0.146 I -o.068 I o.1}_!l_ l_o.o85 _l_ -Q..127_ I_-0.1Q1 
Dl<x.tl 1 1.211 1 2.439 1 4.o9o L 5.3o5 T _4.8o9l-2.478 1 -0.47_5 1 -2.870 1 -4.432 1 -5.246 1 -5.131 
APPENDIX3 
Stiffness 
(Surge, Heave and Pitch) 
46 
Stiffness in Surge 
Total Weight 
Initial Tether Tension, T0 
Tether Length 





3 No. of Tethers 
Buoyancy Force, Fb 465500 kN 
KsuRGE = No. of tethers X T 0 I LrETHER 
= 3 X 135500 I 269 
= 1511.1524 kN/m 
Stiffness in Heave 
Total Weight 
Initial Tether Tension, T0 
Tether Length 
Stiffness of Tethers, KrETHER 
No. of Tethers 








l ~ (No. of tethers X KrETHER) + (3rr D HULL I 4 X 1 030 X 9.806 X 10· ) 
= 102000 + 6392.9036 
= 108392.9 kN/m 

















(Surge, Heave and Pitch) 
47 
Mass of Surge 
Mass of Surge, msuRGE = Mass, m + Added Mass, m., 
Weight of Structure 
Mass of Structure, m 





= [ VHULLS + VpoNTOON1 + 2 (VPoNTooNcos60 + rrD3 PONTOON /12 X cos30 ) ] X 1030 
= 19621.434 + 8821.1655 + 18545.062 ) X 1030 
= 46987.661 X 1030 
= 48397291 kg 
= Mass of Structure + Added Mass 
= 33652866 + 48397291 
= 82050157 kg 
Mass of Heave 
Mass of Heave, mHEAVE = Mass, m +Added Mass, mah 
Weight of Structure 
Mass of Structure, m 










3 L [(3 X rrD HULL/12 + 3 X lTD PONTOON /4 X LPONTOON) X 1030 
3458.014 + 26463.496 ) X 1 030 
29921.51 X 1030 
= 30819156 kg 
Mass of Structure + Added Mass 
33652866 + 30819156 
= 64472021 kg 
Mass of Pitch 
Mass of Pitch, mPITcH = 
Weight of Structure 








mHEAVE X rz 
= 330000 kN 
= 33652865.59 kg 
= 35.1 m 
= 42.4 m 
= 35.1 m 
= 
J ~ [(3 X rrD HULL/12 + 3 X rrD PONTOON /4 X LpoNTOoN) X 1030 
= I 3458.013959 + 26463.496 ) X 1 030 
= 29921.51037 X 1030 
= 30819155.68 kg 
= Mass of Structure + Added Mass 
= 33652865.59 + 30819156 
= 644 72021.27 kg 
= ffiHEAVE X 
l 
rz 
= 644 72021.27 X 1232.01 
= 7.943E+10 kg 
